R etinitis pigmentosa (RP) is a heterogenous group of degenerative retinal diseases, which is associated with nightblindness, progressive loss of the peripheral visual field and a slow reduction in central vision and Ganzfeld ERG abnormalities. RP diffusely and primarily affects the photoreceptors, predominantly the rod system, and as the disease progresses, the function of the cone system also declines. The age of onset, rate of progression, and presence or absence of associated ocular features are frequently related to the mode of inheritance, but the clinical appearance may vary, even among family members with the disease.
Characterization and understanding of the visual loss is important for monitoring patients with RP. A detailed differential diagnosis and long-term follow-up are advisable for adequate patient counseling, for predicting visual outcome, and for monitoring the efficacy and safety of new therapeutic options. [1] [2] [3] Clinical psychophysical and electrophysiological measurements have been used to provide objective information regarding changes in retinal function. Whereas examinations, like visual acuity testing and perimetry, rely on subjective responses, electrophysiological methods are used to quantify retinal function in a more objective way. The Ganzfeld ERG allows recording of electrical responses originating from the entire retina when stimulating with a full-field light source. 4 -6 In contrast, the multifocal ERG (mfERG) allows assessment of a "map" of electrical activity based on a technique introduced by Sutter and Tran in 1992. 7 It has been applied to various retinal disorders 6 and a standard has become available 8 (see also www.iscev.org). With disease progression, the waveforms may no longer be detected by Ganzfeld ERG, whereas still some residual visual field can be measured. In such cases, localized responses may still be obtained using the mfERG.
The purpose of our study therefore was to investigate the usefulness of the mfERG among other clinical psychophysical and electrophysiological techniques. This article also provides a review of the characteristics and natural course of retinitis pigmentosa. Emphasis is placed on determining the yearly progression of the mfERG responses. We also sought to compare mfERGs and other parameters of disease development.
METHODS
Twenty-three patients (9 men and 14 women; median age, 36 years; age at the first presentation, 12-66 years) with different Mendelian inheritance patterns of retinitis pigmentosa were selected from our patient database and included in the study, based on a minimum follow-up time of 3 years and reproducible mfERG responses at the time of the first investigation. The protocol of the study adhered to the provisions of the Declaration of Helsinki. The diagnosis of RP was based on the clinical features, ophthalmoscopic appearance, and the results of perimetry, dark-adapted thresholds, and Ganzfeldflash ERGs according to the ISCEV (International Society for Clinical Electrophysiology of Vision) Standards. 5 Typical fundus changes and visual field and mfERG findings are presented in Figure 1 . Patient characteristics are presented in Table 1 . Disease progression in both eyes was followed up over a period of up to 10 years (median, 6 years). At each visit, all patients received standardized examinations including best corrected visual acuity, kinetic perimetry (Goldmann), color vision (Lanthony Panel D-15 test), dark adaptometry, and ISCEV Ganzfeld and multifocal mfERG. At the patients' request, Ganzfeld ERG was not performed in patient 9 or mfERG in patients 4 and 13 at one visit each.
A series of standardized questions was given to all patients at the first visit, to determine the age of onset (median, 20 years; range, 6 -48) based on the appearance of one of the following signs: night blindness, light aversion, loss of peripheral visual field, or reduced visual acuity.
Visual Field
Kinetic perimetry was performed with the Goldmann kinetic perimeter at each visit. To be able to compare the visual field loss to other parameters, fields for target size III4e were taken and computerized and residual field area was measured with a special computer program. The calculated visual field areas were compared with a normal visual field area for target III4e (normal visual field ϭ 1.0). Although the estimated relative field area is subject to distortion and underestimation of the central field area, 9 -11 the effect on our exponential model fit is small. 
Color Vision

Dark Adaptation
Dark adaptation thresholds were obtained in one eye after 30 minutes of dark adaptation with the Tübingen hand perimeter (THP). A white target with 2°diameter was presented at 20°eccentricity in the nasal visual field for 1 second. Dark adaptation thresholds were ascertained five to six times. for the Nicolet and LKC systems, respectively. Attenuation of the standard rod flash was 24 dB for both systems.
Multifocal ERGs were performed with a VERIS System (ver. 1-4.8; Electro-Diagnostic Imaging, Inc., Redwood City, CA) using the same amplifier (model 12; Grass, Quincy, MA). The stimulus, consisting of 61 scaled hexagonal elements covering a central visual field of 60°ϫ 55°, was presented on a 19-in. monitor at a frame rate of 75 Hz at a distance of 32 cm from the subject's eyes. DTL fiber electrodes were applied to both eyes, waveforms were recorded, amplified (200,000ϫ), and bandpass-filtered (10 -100 Hz). Responses were analyzed according to ring averages. 8 
Statistical Methods
Data were analyzed with commercial software (JMP 5.0.1; SAS Institute Inc., Cary, NC) and R 2.2.1 (R Foundation for Statistical Computing, Vienna, Austria).
To describe disease progression, we formulated linear regression models of the response variables visual field and mfERG. The response variables were transformed by taking the logarithm to describe exponential decay of retinal function. In these models, disease duration was included as a fixed factor. Hence, we fit the following equation:
where response is visual field or one of the mfERG values and ␣ and ␤ are intercept and slope.
For modeling repeated measurements, individuals were included as random factors on slope and intercept. The latter was included since disease onset data seemed not to be reliable (some patients could not remember correctly when they first noticed changes in their visual function), so that the slope of the logarithmic decay is estimated from the interval between visits. Including the factor "eye" (left/right) as a random effect nested in the factor "individual" did not increase model fit significantly (ANOVA of the two model versions for all responses with P Ͼ 0.99). Therefore, we omitted this factor, modeling for every individual the mean value of both eyes. In the plots data of both eyes are shown separately. Residuals' normality and homoscedasticity were assessed by quantile-quantile plots (QQ plot) and residuals by predicted plots, respectively. To identify outliers with high leverage Cook's distance was calculated, and the distribution of random parameters estimates was inspected by histograms. The quality of fits is recorded as adjusted coefficient of determination (adj R 2 ). To estimate correlations between the different examination methods describing macular function (mfERG, visual acuity, and color vision) Spearman's r S was calculated and scatterplots were produced. Correlations and scatterplots were also produced for midperipheral retinal function variables (perimetry, dark adaptation thresholds, Ganzfeld-and mfERG).
RESULTS
The age of the patients at the first mfERG recordings ranged from 12 to 66 years (median, 36 years). Visual acuity at that time varied between 0.3 and 1.6 (median 0.8) consistent with preserved macular function. The change in visual field area for target III4e according to disease duration is presented in Figure  2A . The progression of visual field loss is fairly described by an exponential decay, which is similar to the description by Iannaccone et al. 16 From the estimated slopes (Table 2) we calculated the yearly progression for target III4e: approximately, 14.5% of the visual field area is lost by patients affected with retinitis pigmentosa every year. We were using the same type of regression model to define the natural progression of rod and cone functional loss measured by electrophysiological methods. For the Ganzfeld ERG and mfERG amplitudes a well-defined reduction was observed with disease duration. In general, these changes also fit an exponential curve (see Figs. 2B-F and Supplementary Fig. S1 , online at http:// www.iovs.org/cgi/content/full/49/10/4664/DC1), but for the estimates of the model we found a greater variation between mfERG ring analysis. We calculated the yearly progression according to the mfERG values. Approximately 6% to 10% of the amplitude is lost every year in the outer three rings (Table 3) .
We also analyzed the changes in the implicit times of the mfERG, but the trend did not fit an exponential decay well. The implicit times of the central ring responses seemed to remain constant at the normal level. When responses from the outermost rings were measurable, their implicit times were always delayed up to 52 ms, but a clear tendency was not observed during long-term follow-up.
We further compared parameters of disease development with the mfERG values. We categorized the different examination methods according to macular and mid peripheral retinal function. Macular function is usually characterized by means of the visual acuity and color vision test performance. Both involve not only photoreceptor but also postreceptoral retinal and visual pathway function. We found a strong correlation between best corrected visual acuity and mfERG response Table 4 for details) and with the cone (r S ϭ 0.85, Fig. 4B ) and 30-Hz flicker (r S ϭ 0.85) response amplitude. Similar correlations were also seen between the implicit times of the cone (r S ϭ 0.77 for ring 5) and 30-Hz flicker (r S ϭ 0.72 for ring 5) response in the Ganzfeld and mfERG. Of interest, we found no correlation between the mixed cone-rod response and the mfERG response ring averages.
In advanced cases, no reproducible ISCEV Ganzfeld ERG scotopic response was recorded, but with the mfERG, significant responses were still recordable (Fig. 5A ) and dark-adaptation thresholds could be measured (Fig. 5B) . Interest, mfERG response amplitude of the outermost ring 5, as well as the Ganzfeld ERG mixed cone-rod response b-wave amplitude showed only a mild correlation with visual field area (r S ϭ 0.61 and 0.58, respectively; Figs. 6A, 6B).
DISCUSSION
In our study, we examined the long-term changes of the mfERG responses in patients with retinitis pigmentosa. We also observed the changes of the visual field parameters and compared them with earlier findings by other authors. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] In our group of patients, the progression of visual field loss followed an exponential decay, which was similar to the change described by Iannaccone et al. 16 ( Table 2 ). Our estimate for the yearly loss of visual field is 14.5%. The slope data (Ϫ0.156, respectively) is close to the Ϫ0.136 for target V4e and Ϫ0.172 for target I4e found by Iannaccone et al. 16 or Ϫ0.112 for target V4e found by Holopigian et al. 20 and thus confirm their data. Other studies, in which more patients were included found either somewhat higher 19 or lower slopes 21, 22 (for details, see Table 2 ).
Using a similar regression model, we found a well-defined reduction of Ganzfeld ERG and mfERG amplitudes of 6% to 10% per year of disease duration (see Table 3 ). To overcome or reduce possible problems arising from changes introduced by the development of the VERIS versions 1 to 4.8, we reanalyzed all data with VERIS version 4.8. Other factors like the onset of disease, which was only determined in case history, still affect our estimates. However, our estimates of amplitude loss per disease year for the mfERG ring averages are similar to those of the visual field with comparable error estimates and confidence limits. Because of averaging, the response waveforms of the hexagons of a given eccentricity the signal-to-noise ratio improves. Other factors like electrode placement or target fixation limit the test-retest reliability and may hide slight disease progression. One should keep in mind that two successive recordings can show 10% to 20% variation in amplitude. We further looked at the relationship between remaining visual field area and mfERG response amplitudes. Even though the loss of mfERG amplitude and the visual field show a similar decay, we found only a weak correlation between both (r S ϭ 0.61). Similarly, we found a weak (r S ϭ 0.58) correlation of the scotopic mixed cone-rod response with the visual field loss. Some studies emphasize the existence of a substantial correlation between visual field and Ganzfeld ERG response amplitude. [25] [26] [27] [28] [29] [30] Iannaccone et al. 26 found a strong correlation between ERG mixed cone-rod response b-wave amplitude and visual field area determined for Goldmann I4e and III4e isopters (r ϭ 0.89 and r ϭ 0.87, respectively) but similar correlations to ours for the V4e isopter (r ϭ 0.69). Others found only weak correlations between visual field diameter and ERG amplitudes. 28, 29 Using a Naka-Rushton equation to estimate maximum amplitude of rod ERG-responses, Birch et al. 30 found a significant correlation of this amplitude to the size of the dark-adapted visual field, whereas Massof et al. 27 did not find a correlation using similar methods but light-adapted visual field testing.
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Of note, Sandberg et al. 25 found weak correlations of the 0.5-and 30-Hz ERG amplitudes with visual field area (r S ϭ 0.54 and 0.60, respectively), but observed higher correlations (r S up to 0.85) in a subgroup analysis, suggesting that the relationship of visual field size to ERG amplitude depends on genetic type, the altered protein, and/or the specific mutation. Because we found a significant correlation between the outermost ring average amplitude with the Ganzfeld scotopic mixed cone-rod response amplitude (r S ϭ 0.87) and the cone response amplitude (r S ϭ 0.85), this may be true of the mfERG results as well.
In conclusion, the mfERG provides a useful measure of the retinal function; it does not replace, but complements psychophysical methods including visual field and color vision testing. The response amplitude follows a similar exponential decay as the visual field and may provide reproducible responses, even if the Ganzfeld ERG is nearly extinguished. This issue is becoming more important, now that essential steps toward possible therapies for retinal degenerations are being made and reliable and objective testing methods are needed. The mfERG is wellsuited for observation and long-term follow-up in disease development and-in addition to other psychophysical methods-it could be used as an objective outcome measure in upcoming treatment studies involving patients with advanced retinal diseases. 
